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Development of Inductive Storage
Fu;sia Pover Generators
R.J. Commisso, J.R. noller, C. Cooperstein,
R.D. Ford, P.J. Goodrich,”

0.J. Jenkins, J.C. Kcllogz, v.H. Lupton '
J.D. Shipman, Jr.

D.D. Htusholvood.

, and 8.V, Veber”

Naval Research Laboratory
Vashington, DC

ABSTRACT

A pulse generator, Pavn, has been assembled at
the Naval Research Ladoratory. It employs
inductive energy storage and opening svitch pover
conditioning techniques together vith high energy
density capacitors as the primary energy store.
The capacitor bank stores 1 MJ at 44 kV. The
energy stored in the cspacitor bank is transferred
to a vacuum storage inductor in 20 us. Vire fuses
provide the first stage of pulse compression.
Purther pulse comspression is obtained from a
plasma erosion opening svitch.

Initial results are encouraging. Nearly
0.1 TV of electrical pover vas delivered to an
electron-beam diode load in a 100-ns FVHM pulse.
A peak voltage at the load of = 3150 kV represents
a factor of s 14 voltage gain over the initial,
25-kV bank voltage.

I. Introduction

Inductive energy storage in combination
vith opening svitch pover conditioning techniques
offers several attractive features for pulsed
pover applications vhen compared vith
conventional, capacitive technology /1-3/. These
advantages include compactness and lov cost of the
primary energy store. Also, because the voltage
is high only during the last stages of the pover
conditioning sequence, some complexities
associated vith high voltage, such as oil
insulated Marx banks, vater filled pulse forming
lines, and pover limiting interfaces, are
eliminated. The technical difficulty has alvays
been obtaining the required pover conditioning for
practical, pulsed pover applications, i.e.,
obtaining > 1-TV, < 100-ns pulses. Vith inductive
storage, the pover conditioning must be
accomplished by a sequence of opening svitches
electrically in parallel vith each other and the
load. Each successive svitch opens faster,
resulting in higher and higher voltage. The
challenge is to understand the physics governing
the opening svitch behavior vell enough to design
s systes for vhich the interaction betveen the
systes cosponents produces the desired pover
pulse.

An experimental, inductive storage, pulsed
pover generator,"Pavn®™ /4-5/, has been assembled
at the Naval Resesrch Laboratory (NRL) using a
nevly developed lov voltage, compact capacitor
bank /6/ as the primary store (1 MJ at 44 kV).

The nosinal 20-us current pulse available from the
discharge of this bank energizes the vacuum
storage inductance. Vire fuses /1,3.5,7/ provide
the first stage of pulse compression. Further

- pulse compression is obtained from a plasma

erosion opening svitch (PEOS) /8-11/.
Preliminacry results are encouraging.

Nearly 0.1 TV of electrical pover vas delivered to
an electron-beam (e-beam) diode load in a pulse of

Manuscript approved November 23, 1987.
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100-ns full vidth at half saxisum (FUHM), A
factor of = l4 voltage gain over the initial,
25-kV bank voltage vas achieved.

In Sec. I1 a description of cne Pavn
device and a discussion of its electrical
operation are presented. Results demonstrating
the fuse performance are discussed in Sec. III.
In Sec. IV, preliminary, non-optimized results in
vhich a fuse driven PEOS vas coupled to an e-beam
diode are revieved. The vork is summarized in

Sec. V.
II. Svsten Descziption
The system components are identified in
Fig. 1. The pulse generator comprises a capacitor

bank, a vacuum coaxial inductor attached to the
capacitor bank via parallel plates, a lov voltage
vacuus feedtnrough (not shovn), a fuse array
contained vithin a pressurized gas enclosure, a
vacuus flashover closing svitch that can be
command or self-triggered, a vacuum opening svitch
(PEOS), and an e-beam diode load. The capacitor
bank is divided into four submodels, each
containing five, S2-uf capacitors connected in
parallel in a lov inductance (= 70 nH)
configuration. At the maximum rated charge
voltage of = 44 kV, ene capacitor stores = 50 kJ.
Each submodel is connected to the common parallel
plate transmission line in series vith an = lé-mq.
stainless steel safety resistor and a high energy,
pressurized, railgap svitch. The coaxial energy
storage inductor is made of alueinum tubing vith
velded flanges and connects to a load coupling
"tee.” This tee section provides mounting
surfaces %or connecting tvo coaxial fuse
enclosures and the coaxial output assemoly. The
assembly as showvn in Fig. 1 contains the vacuua
flashover svitch (VFS), the vacuum opening svitch
(PEOS), and the e-beam load. The latter tvo
components vere replaced by an electrolyic
resistor vhen testing the fuse opening svitch
stage alone. The diagnostics consisted of a
Rogovski coil, to measure the capacitor bank
current, tvo B probes in the vacuum inductive
store region, four B probes in the fuse tee vacuum
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Schematic Lllustration of Pawn

Tigure 1.
System.

Cu ¥ o

\\\\\'n

¢

s AR S \. \

\\\\‘-



‘¢

«, « LR LI NEP Ay W
AT DADA 1A AR VAl R SV

’)

region (I tor eacn pacrpge), tvo 3 proves oeiveen
the VFS and PEOS, (our B probes on the capacitor
side of cthe PECS and four B prodes on the load
side of the PLOS. A resistive voltage divider vas
used to seasuce the {use voltage. For experiments
vith diodes, an inductive voltmeter provided s
direct measuresant of the load voltage.

A schematic diagras of the equivalent
electrical circuit for Psvn is shown in Fig. 2.
The total bank capacitance, represenced by C, is
1026 uf. The series resistance, R« 4.7 aQ, s
made up of R, the internal resistance of the
capacitors afid svitches (S,) and the parsllel
safety resistors (= 1.6 aQ), plus R , the skin
tesistance of the conductors lsseciif‘u vith the
transmission plate and coaxjal inductor. The
internal inductance of the bank, includes the
svitches and transaission plates ahd is estimsted
to be = 40 nf. The calculated inductance of the
coaxial storage inductor is L e 70 nf. The
parallel leg of the circuit rixyzfon:s the fuse
assembly vith inductance Lr and a variable
regsistor nr(:) symbolizing the time-Gependent
resistance of the fuse. The calculated inductance
of a single fuse assemoly for a I5-ce long fuse is

s 70 nH. This value becomes 1S nH vhen a
sécond identical fuse assembly is connected at the
tee section.

R;  Lsroee to
.- /.
S, vFS
tea T\, T
1,m 1,0 NEXT
.E g;ecz
t” NING
=20s$ “Fa,m Py SWITCH

Ry* Reu ® Rgqm

Ls * Lox * Lgrong

S¢ = RANLGAP SWITCHES

VFS — VAZUUM FLASHOVER SWITCH

Figure 2. IEguivalen: circuit for Pawn Systen.

The capscitor bank i{s initially charged to a
voltage of 20 - &4 kV. Vhen it is discharged by
closure of the railgap svitches it produces a
quasi-sinusoidal pulse of current I.(t) {n the
storage inductor and fuse array. Just before the
fuse opens the VFS is closed. The voltage pulse
cesulting from the increasing fuse resistance then
tzansfers current I _(t) from the fuse into the
ouput loop of the efrevit. The output loop is
shovn in the circuit as an inductance L_in series
vith an arbitrary elesent representing I fast
opening svitch in parallel vith a load, or an
electrolytic resistor.

I1I. Characterization of Fuse Operatica

The first stage of pulse compression is
achieved using vire fuses. Development vork for
the fuse and fuse package used on Pawn is
described elsevhere /4-5/. The fuse is s non-
linear resistive circuit element. As sore energy
is dissipated in the form of joule heating of the
fuse vires, the fuse undergoes a phase change f{roam
solid to liquid to gas, vith an accompanying
increase in its resistance. The balance of energy
dissipated in the fuse is crucial. Too much
dissipated energy drives the fuse into a very lov
resistance plasma. This say result in a breakdovn
condition prohibiting any further cucrent transfer
or a restrike upon further voltage amplification
in the pover conditioning sequence. If too little
energy is dissipated, the fuse never reaches the
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transfer of current. As discussed in several of
the references (e.g.. 1. 2, 4, 5. 7) for a given
tise to fuse veporization there exists a value of
the fuse energy density (dissipated energy per
unit volume of fuse) for vhich the required
curcent transfer is achieved. Therelore, the fuse
size and sysies parsseters aust be matched for
optious performance, {.e., fastest current
transfer or, equivalently, highest voliage.

The perforsance of the capacitor bank and
fuse stage vith s triggered VFS is illustrated in
Fig. ). These date vere obtained vith s capacitor
bank voltage of 40 kV (800 kJ stored energy), a
4l-all output inductance, and an 11-af electrolytic
resistor in place of the next stage opening svitch
of Fig. 2. Each of the tvo fuse packages
consisted of 86 parallel copper vires, each 50-c»
long. The time-dependent load current has a 10-90
rigsetime of 0.9 us and peaks at 1.4 MA. This
cepresents & pulse cosmpression ratio (energizing
time for inductor vith no fuse/risetime of current
into load) of s 20. The 200 kV peak fuse voltage
represents a voltage gain, defined as the ratio of
peak voitage across the fuse to the initial
capacitor voltage, of 5.

25 T T T T T T ™ 200
3
li/russ VOLTAGE 'e0
204+ " - 160
l‘ SHMOT T
v
' Vet 397wy <dia0 o
'

- lim2 . 43aK1 LOAD >
3 1st- 10-90 TIME=900ns (20 -
- 3
; =100 =
w -
s " ganx S
S or CURRENT -180
< w

/ -80Q 2

LOAD
CURRENT 7~
s -140

=120

o e, -A’ S ] L L \'EL‘ e o
o] S 10 1S 20 23S 30 35 40 as
TIME (»3)

Figure 3. Data obzai~ed at 40 kV charge using
an 1l-afi dummy losd and & triggered vacuum
flashover output switch.

The excellent fuse reproducibility is
illustrated in Fig. 4, vhich is a six-ghot overlay
of the measured fuse voltage as a function of
time. The standard deviation in peak fuse voltage
i3 < 42 and in time-to-peak is < 1X.

Iv. Fuse Driven PEOS Experiment

The PEOS is a fast, high pover, vacuua
opening svitch /8-11/. It consists of plasma
sources that inject a floving plasms through an
array of rods into the region detveen the inner
and outer conductors (see Fig. 1) filling the
annular region over a limited axial length
(¢ 10em). The plasma sources are fired several
microseconds before the VFS i3 closed so that vhen
the VFS closes the PEOS isolaies the e-bear d:ode
from the system. The PEOS esust conduct long
enough to allov transfer of current out of the
fuse stage and then open, generating sufficient
voltage to drive electron emission in diode, vhich
is initially an open circuit.
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Pigure 4. Ovarlay of six consecutive fuse
voltage records illustrating fuse
:cp:uducib&ll:x.

Detailed operation of the PEOS can be
found elsevhere (cf B-11 and references therein).
Briefly, the plasma is injected into the svitch
region several sicroseconds before the voltage
associated vith the fuse is svitched to the PEOS
cachode via the VFS. As long as the PEOS current
remains belov a predictable value, vhich depends
on only the plasma parameters and svitch geosetry,
the plasma scts as a good condyctor. The
conduction occurs through & non-neutral cegioa,
called a sheath or gap, at the cathode in a
bipular space-charge-limited fasion 78/ vith the
slectron component essnating froa the cathode and
the ion coaponent provided by the injected plasma.
Vhen the svitch cuzrrent becomes high enough tnat
the bipolar space-charge condition cannot be
satisfied by the ions from the injected plasma,
the gap videns, droviding more ions. This is
called the erosion phase. Uhen the svitch current
{increases to the point vhare the average electron
Larsor radius is coaparable vith the gap site, the
electron lifetime in the gap increases and as a
result the space-charge condition is msodified in
such a vay that even more ions are required. This
is ecalled the enhanced erosion phase and it is
during this phase that the gap videns very
quiekly. A high voltage is generated across the
gap and a substantial fraction of current is
diverted to the load. The svirch is totally open
vhen the magnetic insulation phase is reached.
This occurs at a value of current for vhich the
average electron Larsor radius {s less than the
gap size and all the current reaches the load.

Summarized in Fig. S are preliaminarcy
results {rom an experiment in vhich a fuse driven
by the capacitor bank charged to 25 kV transferred
current into s PEOS that, in turn, vas coupled to
an e-beam ¢lode. Plotted as a function of tise
sre the load voltage, V., current, I, pover, P ,
and energy, . The zefo of time cokrcsponds ko
the initiatiolf of cuzrent in the fuse and the VSF
vas triggered at t 0 " 17.25 us. Roughly 5 kJ of
energy vas dCISVQrcﬁ to the diode in an = 85-ns
FVHM pulse. The peak pover vas = 0.07 TV. Note
that the peak diode voltage of = 35S0 kV (seasured
directly vith an inductive voltmeter) represents a
total voltage gain over the initial bank voltage
of s 14. This factor results trom a gain of = &
from the fuse and = 3.5 from the PEOS. Filtered,
time resolved x-ray diagnostics suggest that the
diode voltage thus measured may be an
Currently,
vork is undervay directed at improving the systesm
pecformance by chsracterizing, understanding, and
optimizing the intersction betveen the fuse and
PEOS.

v. Susmary

A pulsed pover generator employing
inductive energy storage and opening svitch pover
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Tigure S. +4al results of expesimenss

using a fuse driven PEOS coupled to an e-bean
éiode.

conditioning techniques has been assembled at NRL
and is nov operational. Initial, non-optimized
results vith the PEOS are encouraging. Nearly
0.1 TV of electrical pover is delivered to an
electron beam djode in a < 100-ns FVHM pulse. The
peak diode voltage is = 150 kV, a factor of = 14
voltage gain over the initial, 25-kV bank voltage.
Vork is nov undervay to improve this perforsance.
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